We have developed atomic layer deposition (ALD) methods to synthesize robust nanostructured composite coatings with tunable resistance comprised of conducting, metallic nanoparticles embedded in an amorphous dielectric matrix. These films are nominally composed of M:Al 2 O 3 where M= W or Mo, and are prepared using alternating exposures to trimethyl aluminum (TMA) and H 2 O for Al 2 O 3 ALD and alternating MF 6 /Si 2 H 6 exposures for the metal ALD. By varying the ratio of ALD cycles for the metal and Al 2 O 3 components in the film, we can precisely adjust the resistivity of these composite coatings over a very broad range (e.g. 10 12 -10 3 Ohm-cm). Furthermore, the self-limiting nature of ALD allows us to grow these nanocomposite films on a variety of complex substrates such as high aspect ratio porous 3D surfaces, MEMS devices, ceramics, grid structures and microchannel plates. Here we present a detailed ALD study of the nanostructured composite resistance coatings including in-situ material growth, microstructural characterization, and electrical measurements.
Introduction
Nanostructured composite thin film materials comprised of mixed conducting and insulating components have been utilized in a wide variety of applications including resistive layers for electron multipliers such as microchannel plates, resistive memories, electro-chromic devices, biomedical devices, and charge-dissipating coatings on microelectromechanical systems (MEMS) devices and electron optics (1) (2) (3) (4) (5) (6) . By varying the precise composition of the mixture, the electrical, optical, and physical properties of the composite coatings can often be tuned over the full range of the individual components, and can sometimes yield unique properties distinct from either of the constituents. Amongst the various thin-film deposition processes, ALD is a technique for growing complex layers in a precisely controlled manner with many distinctive advantages (7) . ALD is based on a binary sequence of self-limiting chemical reactions between precursor vapors and a solid surface. Because the two reactions in the binary sequence are performed separately, the gas phase precursors are never mixed and this eliminates the possibility of gas phase reactions that can form particulate contaminants and cause nonself-limiting chemical vapor deposition. This strategy yields monolayer-level thickness and composition control. The self-limiting aspect of ALD leads to continuous pinholefree films, excellent step coverage, and conformal deposition on very high aspect ratio structures. This self-limiting property, coupled with facile diffusion of the precursor vapors into high aspect ratio narrow pores, vias, trenches and voids, allows complex 3D structures to be coated with excellent uniformity and conformality. ALD processing is also extendible to large area substrates and batch processing of multiple substrates. A rich variety of materials can be deposited by ALD including metal oxides, nitrides, fluorides and sulfides, as well as pure elements (7, 8, 12) . By alternating between the ALD chemistries for two materials (e.g., a metal and a metal oxide), we can synthesize nanostructured composite coating. The thickness of the coating is controlled by the total number of ALD cycles performed, and the composition is dictated by the relative ratio of the ALD cycles executed for the two components (1, 3) .
In this study, we used in-situ quartz crystal microbalance (QCM) measurements and mass spectrometry to understand the ALD growth mechanism for composite films comprised of both Mo:Al 2 O 3 and W:Al 2 O 3 . These films were prepared using alternating exposures to trimethyl aluminum (TMA) and H 2 O for the Al 2 O 3 ALD (7, 8) , and alternating MF 6 /Si 2 H 6 exposures for the metal ALD, where M=Mo or W (8) (9) (10) (11) (12) . In the case of M:Al 2 O 3 films, QCM showed that the metal ALD inhibits the Al 2 O 3 ALD and vice versa. Despite this inhibition, the relationship between metal content and ALD metal cycle percentage was easily controlled (1-3). X-ray photoelectron spectroscopy (XPS) elemental analysis showed that the M:Al 2 O 3 films are uniform in composition and contain Al, O, and metallic Mo or W as expected, but also include significant F and C. The as-grown composite films were uniform and smooth and had an amorphous microstructure as confirmed by scanning electron microscopy (SEM), atomic force microscopy (AFM) and x-ray diffraction (XRD). Cross-sectional transmission electron microscopy (TEM) revealed the film microstructure to be metallic nanoparticles embedded in an amorphous Al 2 O 3 matrix. We have exploited these nanocomposite coatings to functionalize capillary glass array plates to fabricate large-area microchannel plates (MCPs), electron-optic MEMS devices, ceramics electron optics, voltage divider grid structures, etc. The performance of these nanocomposite resistance layer functionalized devices were rigorously investigated and shown excellent results that bode well for the commercialization of these applications.
Experimental
ALD of the Mo:Al 2 O 3 and W:Al 2 O 3 composite films was performed at 200°C in a hot-walled viscous flow ALD reactor (1, 3) . This reactor was equipped with a QCM that allowed in-situ studies of the ALD processes. The ultrahigh purity (99.999%) N 2 carrier gas flow was set to 300 sccm, which provided a background base pressure of 1.0 Torr in the ALD reaction chamber as measured by a heated Baratron pressure gauge (MKS model 629B). Details of the ALD experimental conditions are given in Table 1 . These conditions for the Al 2 O 3 , Mo, and W ALD provided self-limiting growth as verified by in-situ QCM measurements. (5), while W ALD occurs via the sacrificial exchange of Si by W where the surface is partially F-terminated after both half-reactions (8) (9) (10) (11) (12) . In contrast, the reaction of TMA with surface F species is unknown. In addition to this, the reactions of Si 2 H 6 and WF 6 are modulated by the OHterminated alumina such that the ALD W growth rate is suppressed for ~10 cycles before it reaches a steady state. It is remarkable to note that the mass add-on for the W ALD on Al 2 O 3 is not monotonic and follows a complex pattern. In comparison to the W ALD, the Mo nucleation is also affected by OH-terminated alumina surface but in contrast to W the Mo nucleation and mass add-on increases monotonically. The Al 2 O 3 growth also exhibits a complex behavior on the fluorinated metal surfaces and requires ~8 cycles on Mo and ~5 cycles on W to reach the steady state mass uptake level. Additionally, we noticed for both metal and Al 2 O 3 , the mass-uptake rates are significantly affected by the relative ratio of the mixing ALD cycles. In both circumstances we noticed the significant complex growth when we performed alternate metal and Al 2 O 3 (50-50)% ALD case (1). Despite these complexities, the growth of both the Mo:Al 2 O 3 and W:Al 2 O 3 composite materials was well controlled. The composition of the Mo:Al 2 O 3 and W:Al 2 O 3 composite films was determined using XPS depth profiling and RBS measurements of films prepared on Si(100) substrates. These XPS measurements (Figure 5a ) of 10%Mo:90% Al 2 O 3 revealed that the films contained Al, O, and Mo as expected, but also contained ~5% C and ~10% F. XPS demonstrated that the Mo exists in both the metallic and sub-oxide (Mo +4 ) states in the film (Figure 5b ). These findings, when combined with the QCM and FTIR measurements, suggest that the TMA reduces the adsorbed MoOF x species to form AlF 3 and metallic Mo (11) . In addition, the C and F presence in the films is similar to that in a previous study which concluded that alternating exposures to niobium pentafluoride and TMA produced films comprised of NbF x , NbC, C, and AlF 3 (13) .
Results and Discussion

ALD
XPS depth profiling of a 30%W:70% Al 2 O 3 film was performed and the results are shown in (Figure 5c ). The overall elemental composition of the W:Al 2 O 3 composite layer is uniform across the film thickness. Figure 5d shows that the composite layer is composed of O, Al, F, W, and C. Based on the surface chemistries for the ALD Al 2 O 3 and ALD W in the composite layers, the presence of F and C is unexpected and likely originates from the unique chemistry that occurs upon transitioning between the W and Al 2 O 3 ALD process. As noted above, alternating cycles of niobium NbF 5 and TMA yield films comprised of NbF x , NbC, C, and AlF 3 (13) The W 4f spectral region (Figure 5d ) shows peaks at 31.8 and 33.8 eV characteristic of metallic W and only a weak shoulder at ~37 eV indicating minimal WOx. From the XPS data, we conclude that the W is mostly metallic in the composite films. The XPS depth profiling measurements yielded sample thickness of 1080Å and 650Å in fair agreement with the thickness of 1210Å and 725Å determined by the spectroscopic ellipsometry for the Mo:Al 2 Next, a series of Mo:Al 2 O 3 and W:Al 2 O 3 composite films was prepared on Si(100) substrates using different metal cycle percentages and subsequently studied using current-voltage measurements on comb structures in order to extract the resistivity. Figure 6a shows that the resistivity of the Mo:Al 2 O 3 composite films can be tuned over a very broad, 6-decades range (10 11 -10 4 ) by adjusting the Mo cycle percentage from ~7-15%. Figure 6b shows the effect of varying the W cycle percentage on the resistivity. The resistivity decreases approximately exponentially from ~10 12 Ohm-cm at 10 %W cycles to ~10 8 Ohm.cm at 30% W cycles. This behavior is similar to that of the Mo:Al 2 O 3 composite films (Figure 6a 
In comparison with W growth on Al 2 O 3 (Figure 4c ), the mass uptake for the Mo growth on Al 2 O 3 (Figure 4a ) increases monotonically and smoothly with the number of ALD Mo cycles, especially in the early nucleation regime of the first 1-3 ALD cycles. We explored this regime of early nucleation in order to link the microstructural evolution of the films with the accompanying electrical properties. For these studies, we prepared films using the combinations (m, n) = (9:1), (18:2) and (27:3), yielding super cycles comprised of 10, 20 and 30 sub-cycles, respectively. To maintain a nearly constant film thickness, these super cycles were repeated 30, 15, 10 times, respectively so that each film used a total of 300 ALD sub-cycles. These samples were analyzed by high resolution TEM. Figure 7 It is clear that for the (9:1) ALD cycle case, the composite layer is essentially an homogenous blend of ~1nm metal nanoparticles in both the planar and cross-sectional views so that no discrete layers attributable to the super cycles are visible in these films. These metal particles are crystalline as evidenced by the diffuse ring pattern in the selected area diffraction. In contrast, the layer prepared using (18:2) shows a distinct separation between the individual Al 2 O 3 and Mo layers. As expected for 18 ALD cycles of TMA/H 2 O, the Al 2 O 3 layer appears continuous and shows a thickness of ~2 nm. However, the Mo layer is ~1 nm thick and is discontinuous and comprised of larger ~3-4 nm particles as seen in plan view. Likewise, the (27:3) sample also shows distinct layers in cross-section, and the Al 2 O 3 thickness is close to the expected value of ~4 nm. In this case, the Mo layer is also continuous and shows an average thickness of ~2 nm. These average thickness values are in-line with the QCM mass uptake measurements for Mo on Al 2 O 3 and vice versa. The plan view TEM image for the (27:3) sample shows ~5-7nm Mo particles and the diffraction pattern shows more distinct rings and some speckle attributable to individual Mo nanoparticles within the TEM beam.
Next, the electrical resistivity of these Mo:Al 2 O 3 composite films was evaluated using current-voltage measurements with an electrical probe station of films deposited on comb structures for lateral resistivity (Figure 8a ) and Hg-probe measurements of films deposited on metal substrates for transverse resistivity (Figure 8b ). Note that the electrical transport mechanism in Mo:Al 2 O 3 composite layers was previously shown to be Frenkel-Pool emission (14) . The transverse and longitudinal resistivity values are comparable for the (9:1) sample, and this finding is consistent with the homogenous and isotropic structure seen by TEM. In contrast, the (18:2) sample shows a remarkable drop in lateral resistivity by approximately 10 3 while the transverse resistivity is nearly the same as for the (9:1) sample. We attribute this drop in resistivity to the formation of continuous Mo layers resulting from executing 2 Mo cycles in succession. These continuous layers, which are clearly visible in the TEM cross sectional image, provide a high electrical conductivity in the in-plane direction. In contrast, the transverse resistivity is not affected nearly as much by the continuous Mo sheets since the current must still pass through the ~2 nm insulating Al 2 O 3 layers.
The (27:3) sample continues this trend and shows an additional 10x decrease in transverse resistivity compared to the (18:2) sample. This decrease can be attributed to the formation of thicker Mo layer with better connectivity in the lateral direction. It is interesting to note that the transverse resistivity of the (27:3) sample is increased by 10x than the (18:2) sample. This may be caused by the higher potential barrier imposed by the thicker ~3nm Al 2 O 3 layers. This metal-metal oxide multilayered structure can be thought of as a capacitors stack in which current flow is inhibited and requires a very high breakdown field (12) .
We utilized these nanocomposite coatings to functionalize capillary glass array plates to fabricate large-area MCPs suitable for application in large-area photodetectors (2, 3, 13) . In addition, we have applied these films as charge drain coatings in MEMS devices for a prototype electron beam lithography tool, and obtained high resolution electron beam patterns without charging artifacts (11, 14) . 
Conclusions
We have developed nanocomposite coatings consisting of conducting, metallic nanoparticles embedded in an amorphous dielectric matrix. These films are comprised of M:Al 2 O 3 where M= W or Mo, and are prepared by ALD using alternating exposures to TMA and H 2 O for the Al 2 O 3 ALD, and alternating MF 6 /Si 2 H 6 exposures for the metal ALD. By varying the ratio of ALD cycles for the metal and the Al 2 O 3 components in the film, we can tune precisely the resistance of these coatings over a very broad range from 10 5 -10 12 Ohm-cm. We employed in-situ QCM to understand the ALD growth mechanism for the M:Al 2 O 3 nanocomposite films. Cross-sectional TEM revealed the film structure to be metallic nanoparticles embedded in an amorphous matrix. By adjusting the ALD cycles sequencing we have tailored the microstructure and electrical properties.
